INTRODUCTION
Some animal viruses mature from their host cells by budding out from the plasma membrane. In this process the virus nucleoprotein becomes enclosed within a plasma membrane vesicle, which is released into the extraceUular medium. The early work of Wecker 0957) showed that the phospholipids in the influenza virus membrane are derived from Pre-existing cellular phospholipids as would be expected from their mode of assembly at the cell surface. However, studies of the origin of the protein in the virus membrane revealed that most virus proteins were specified by the virus (Pfefferkorn & Clifford, I964; Holland & Kiehn, I97o) . The mechanism of budding bears not only on virus assembly but also perhaps on the assembly of differentiated membrane vesicles in the animal cell (Franke & Kartenbeck, I976) . Very little, for example, is known at the molecular level as to how coated vesicles are formed during endocytosis (Goldstein et al. I979) , or how the membrane vesicles involved in intracellular transport of secretory proteins are assembled (Palade, I975) . Studies of virus budding may well give insight into such normal cellular processes.
Here, our intention is to evaluate critically what is known about the budding mechanisms of enveloped RNA viruses, concentrating on those viruses which have been studied most intensively. There are a number of recent reviews on the structure and assembly of enveloped viruses to which the reader is referred for further information (Kaariainen & Renkonen, I977; Rott & Klenk, 1977; Lenard, i978; Patzer et al. I979) .
Before assembly of the virus particle by budding at the cell surface, the building blocks of the virus (the virus glycoproteins, the internal proteins and the RNA) must reach the plasma membrane from their sites of synthesis. The structural proteins of the enveloped RNA viruses seem to reach the cell surface by two different routes (Kaariainen & Renkonen, I977; Lenard, I978) . The proteins forming the glycoprotein spikes on the external surfaces of the viruses are synthesized on membrane-bound ribosomes, inserted into the membrane of the endoplasmic reticulum and transported to the cell surface in membranebound form. The nucleoproteins and the other virus proteins (located within the virus particle) stay in the cytoplasm after synthesis, diffuse to the cell surface and bind to the cytoplasmic face of the plasma membrane. The central problem in budding at the molecular level is to understand how the different components of the virus particles recognize each other at the cell surface to allow virus assembly to proceed. Before one can formulate any possible mechanism for this process it is essential to review the composition and the structure of the virus membrane, and how the virus membrane interacts with the internal structures of the mature virus particle.
Composition of virus envelopes Lipids
The phospholipid, glycolipid and cholesterol composition of the virus membranes reflect qualitatively and quantitatively that of the host cell plasma membrane from which the virus membrane is formed during budding (Kaariainen & Renkonen, I977; Patzer et al.
oo22-1317/8o/oooo-4277 $02.00© ~98o SGM ~979). It is still not possible, however, to state whether the virus membrane proteins select any specific host lipids during the budding process. This is because viruses can be isolated in a pure form but the plasma membrane preparations are usually contaminated with intracellular membranes, so that the differences in lipid composition between host and virus membranes could be due to contamination. A lack of specificity would reflect what is generally known about protein-lipid interactions in biological membranes. There is no evidence proving that membrane proteins can select certain lipids in the bilayer from their immediate environment (Chapman et al. I979) .
Physical studies using probes which partition into the apolar environment of the lipid bilayer have shown, however, that the virus membranes are more rigid than the plasma membranes (Sefton & Gaffney, I974; Barenholz et al. 1976; Landsberger & Compans, 1976) . The reason for this difference in membrane fluidity is not clear but its structural basis may have important implications for the budding process.
The distribution of the lipids between the two halves of the bilayer has been studied in influenza virus, VSV and SFV (Fong et al. 1976; Rothman et al. I976; Patzer et al. I978; Shaw et al. t979; van Meer et al. I98o) . These studies suggest an asymmetrical arrangement of the phospholipids in the virus membranes. The lipid asymmetry of the virus membranes probably reflects the asymmetric distribution of the lipids in the host cell plasma membrane.
Protein~
The membrane proteins coded by the virus genome are of two major classes; glycoproteins that form spikes on the external surface of the lipid bilayer and non-glycosylated proteins associated with the inner aspect of the virus envelope. The amount of host protein in the enveloped viruses is low. Pfefferkorn & Clifford had ah'eady shown in 1964, by labelling experiments, that less than 2~/~ of the protein in Sindbis virus particles was of host origin. Later estimates put the upper limit at o'5~ (Strauss, ~978) . For influenza virus and vesicular stomatitis virus (VSV), less than I ~ of the protein is specified by the host in the purified virus (Holland & Kiehn, I976; Lodish & Porter, 198oa) . Actin has been detected in some enveloped viruses (Wang et al. t976 ) . Histocompatibility antigens have also been found in VSV and in retroviruses (Hecht & Summers, I976; Bubbers & Lilly, t977) . The amounts are, however, usually small.
The virus glycoproteins are oligomeric in the alpha-, myxo-, paramyxo-, retro-and rhabdoviruses. They have amphiphilic properties and are attached to the bilayer by a hydrophobic domain. The alphaviruses have only one protein inside the virus membrane, the nucleocapsid (C) protein (Strauss et al. I968) . This protein interacts with both the RNA and the membrane (Kaariainen & Soderlund, I978), Myxo-, paramyxo-, rhabdo-and probably retroviruses have an additional layer of protein (M protein) between the membrane and the nucleocapsid (see Lenard, ~978) . The nucleocapsld contains the RNA bound to one or more proteins.
Carbohydrate
Carbohydrate is found on the external surface of the virus bound to both protein and lipid in the virus membrane. The glycolipids are the same as those found in the host plasma membrane except for myxo-and paramyxoviruses which contain neuraminidase and so lack the host cell gangliosides (Klenk & Choppin, I97o; Renkonen et al. 1971 ; Hirschberg & Robbins, I972; Klenk et al. 1972 ) , The structure of the oligosaccharide side chains covalently attached to VSV, Sindbis and Semliki Forest virus (SFV) glycoproteins have been determined and these are similar in structure to oligosaccharide units found in the host glycoproteins (Pesonen & Renkonen, 1976; Etchison el al. I977; Robbins et al. ~977; Reading et al, 1978; Burke & Keegstra, ~979: Pesonen et a!. 1979 )-The glycosytation of the virus proteins seems to be carried out by the host glycosylation machinery. There is no evidence .for specitic enzymes coded by the virus genome which would influence the structure of the virus oligosaccharides except for the neuraminidase found in myxo-and paramyxoviruses which removes sialic acids from the oligosaccharide units. The host antigen detected by Harboe (1963) in influenza virus particles grown in chick embryo cells has been identified as a keratosulphate moiety bound to the virus glycoproteins (Meyer et al. 1967; Downie, I978) . Also, other mucopolysaccharides derived from the host cell have been found in the virus envelopes (Pinter & Compans, I975) .
Structure Of virus envelopes SFV and Sindbis virus
The glycoproteins in SFV have a three-chain structure (Garoff et al. ~974; Ziemiecki & Garoff, I978) . Each spike glycoprotein contains one copy of EI (mol. wt. 49ooo), E2 (mol. wt. 52ooo) and E3 (tool. wt. mooo). The isolated El and E2 proteins are amphiphilic whereas E 3 behaves as a water-soluble protein (Simons et al. I973, I978a) . The three polypeptides in the spike protein oligomer are held together by non-covalent interactions. In Sindbis virus the spike glycoprotein is probably a two-chain structure comprising E1 and E2 (Schlesinger & Schlesinger, I972) . E3 is probably lost into the extracellular medium during virus maturation (Welch & Sefton, ~979) . The spike glycoprotein can be divided into three domains. The external hydrophilic domain comprises all of E3 and most of EI and E2 (Gahmberg et al. I972; Utermann & Simons, ~974) . All the carbohydrate bound to proteins is in this domain. The hydrophobic domain is small and is located in the carboxy terminal regions of both El and E2 (Garoff & Soderlund, I978) . The Ez polypeptide chain spans the membrane to form the third internal domain in close contact with the nucleocapsid (Garoff & Simons, t974; Wirth et al. I977) . A schematic figure of the SFV spike protein is shown in Fig. k All four proteins, the C, EI, E2 and E 3 polypeptides, are present in equimolar ratios, about 24o copies of each per virus particle. The one to one stoichiometry of the spike proteins to the C proteins suggests but does not prove that there is a binding site for the internal domain of the spike glycoprotein on each C protein. There is rio evidence that the nucleocapsid interacts directly with the lipid in the virus membrane; the isolated nucleocapsid does not bind Triton X-Ioo (Helenius & Soderlund, I973) ; the primary structure of the C protein shows no obvious hydrophobic regions (Garoff et al. I98o) .
The disposition of the SFV spike glycoprotein in the bilayer was shown by topological studies of the glycoprotein in virus particles and in the infected cell. Three different experimental approaches were used to study the organization of the spike protein in the SFV particle: cross-linking, controlled detergent solubilization and surface labelling. First, more than half of the spike proteins can be cross-linked to the nucleocapsid by short crosslinking reagents, such as dimethylsuberimidate and dithiobispropionimidate (Garoff & Simons, ~974; Ziemiecki & Garoff, ~978) . Formaldehyde also links the spike proteins of Sindbis virus to the nucleocapsid (Brown et al. I974) . Second, all the phospholipids can be solubilized from the virus particle by the non-ionic detergent octylglucoside, and more than half of the spike proteins remain attached to the nucleocapsid (Helenius & Kartenbeck, ~98o) . This only happens if the pH is about 7 and the salt concentration is below 50 raM. If the ionic strength is increased, the bound spike proteins dissociate. Reassociation occurs when the ionic strength is lowered again. Third, the E2 polypeptide can be labelled with the radioactive surface label formylmethionyl sulphone methylphosphate from both the inside and the outside of the virus membrane, whereas EI can be labelled only from the outside (Garoff & Simons, 1974; Simons et al. I98O ) . In addition, the transmembrane topology of the newly synthesized alphavirus spike glycoproteins in the endoplasmic reticulum has been studied by protease treatment (Wirth et al. I977; Garoff & Soderlund, I978) . In comparison with the virus, the microsomal vesicles are inside-out. The carboxyterminal end of E2 should now be located on the external side and therefore be accessible to added protease (Fig. 2) . About 3o amino acid residues can be cleaved from the carboxyterminal end of the Ea region of the p62 protein (the precursor for E2 and E3) using protease. If inside-out vesicles are prepared from the plasma membrane of cells infected with SFV, about 30 amino acids can be digested from the carboxyterminal end of E2 (Ziemiecki et al. 198o ) . Furthermore, morphological studies suggest that there is a transmembrane association of the spike glycoprotein with the nucleocapsids bound to the cytoplasmic face of the plasma membranes (Smith & Brown, 1977) . Ferritin-labelled antibodies to Sindbis virus spike protein aggregate the spike proteins and their underlying nucleocapsids into 'caps' at the cell surface.
The transmembrane structure of the SFV spike glycoproteins is also supported by the amino acid sequences of the SFV proteins which have recently become available in our laboratory (Garoff et al. I98O ) . The sequence of the proposed transmembrane segment of El and E2 is shown in Fig. 3 . E~ has a hydrophobic segment of 24 amino acid residues at its carboxyterminus, ending in two arginine residues whereas E2 has a hydrophobic segment of 34 amino acids which is followed by a more hydrophilic stretch of 31 amino acids before the carboxyterminus is reached. The lysine residue in this segment is presumably (Garoff et al. I978) where the p62 protein (precursor for E2 and E3) and the EI protein form a two-chain structure. This is transported to the cell surface. At the cell surface, the p62 protein is cleaved to E2 and E3 to generate the final threechain structure. The C protein combines with the virus 42S RNA in the cytoplasm to form the nucleocapsid, which diffuses to the cell surface where it binds to a cluster of spike protein to initiate the budding process. More spike proteins move into the budding patch and are immobilized by binding to the nucleocapsid. the one being labelled by formylmethionyl sulphone methylphosphate on the inside of the virus membrane and cross-linked by di-imidoesters to the nucleocapsid. The presence of only two arginine residues at the carboxyterminus of EI would explain the failure of attempts to demonstrate its transmembrane nature. The transmembrane structure of the alphavirus spike glycoproteins has important implications for the budding process. The formation of the bonds between the spike glycoproteins and the nucleocapsid could provide the means for virus assembly. Other interactions that might play a role in the budding are lateral interactions between the glycoproteins. X-ray scattering experiments have shown that the outer polar groups of the lipid bilayer in Sindbis are 25"5 nm from the particle centre, and the glycoproteins project 8 to 9 nm out from this bilayer. The strongest inter-subunit contacts occur in tile region between 26 and 30 nm from the particle centre (Harrison et al. I97I) . Beyond 3o nm the glycoprotein subunits taper considerably. Electron micrographs show that the spike glycoproteins are tightly clustered as trimers and that these trimer clusters are regularly arranged in a T = 4 icosahedral lattice (von Bonsdorff & Harrison, I975) . There must also be some association between subunits in adjacent trimers to maintain the overall organization but these inter trimer-contacts seem to be much less extensive than those within one cluster. Nevertheless, (Garoff et al. 198o ) these inter-spike protein contacts are strong enough to be preserved when the membrane is released from the nucleocapsid by adding small amounts of Triton X-Ioo to prepare 'ghosts' of virus envelopes (yon Bonsdorff & Harrison, I978 ). Freeze-fracture electron micrographs show that the surface lattice of the virus spike protein is preserved in these ' ghosts'.
VSV
The spike glycoprotein in VSV is the G protein (mol. wt. 67ooo; Wagner, i975). Crosslinking studies suggest that this protein forms a trimer on the stlrface of the virus (Dubovi & Wagner, ~977; M udd & Swanson, t978) . A short hydrophobic peptide segment attaches each G protein to the lipid bi!ayer (Mudd, I974; Schloemer & Wagner, I975) . The protein spans the bfiayer after assembly in the membrane of the endoplasmic reticulum (Morrison & McQuain, I978; Katz & Lodish, I979) . About 3o amino acid residues can be removed from the carboxyterminal end of the G protein by protease digestion of microsomal vesicles from infected cells. Stoffel et al. (I978) have shown that the G protein can be labelled in the apolar interior of the virus membrane with lipids containing a photosensitive azido group. Crossqinking experiments using formaldehyde or di-imidoesters have shown that G protein can be cross-linked with internal virus proteins (Dubovi & Wagner, I977; Mudd & Swanson, I978) . Thus the VSV G protein has a three-domain structure with a large external hydrophilic domain, a small transmembrane domain and an internal (hydrophilic?) domain located in the carboxyterminal end of the peptide chain.
The structure of the VSV particle is not as simple as that of the alphaviruses. Underneath the lipid bilayer there is a layer of M protein (mol. wt. 25ooo; Cartwright el aL I97o) which can be cross-linked with di-imidoesters both to the phosphatidylethano!amine in the lipid bilayer and to the nucleocapsid proteins (Wag.aer, I975; Dubovi & Wagner, i977; Mudd & Swanson, ~978; Pepinsky & Vogt, ~979)-There is no clear-cut stoichiometric relationship between the G and the M proteins like that reported for the spike proteins and the C proteins in alphaviruses. There are about i6oo copies of the M protein and about 50o copies of the G protein in VSV grown in 13HK-2t cells (Cartwright el al. I972) . If the virus is grown in different cells the G:M ratio can vary more than twofold (Wyers et al. I98O) . Moreover, in the early and late harvests of VSV grown in Vero cells the G:M ratio can vary by about sixfold (Lodish & Porter, I98ob) . The ratio of M protein to the nucleocapsid N protein seems to remain more constant.
Influenza virus
There are two different spike glycoproteins in influenza A viruses, the neuraminidase (NA), with a mol. wt. of 55ooo, and the hemagglutinin (HA; Laver, I973; Compans & Choppin, I975) . The HA protein is usually cleaved into two polypeptide chains HA1 (mol. wt. 55000) and HA2 (tool. wt. 25ooo) and these are disulphide linked. Each HA spike contains three copies of HAs and HA2 each (Wiley et al. I977) . The HA glycoprotein has amphiphilic properties and the carboxyterminaI end of HA2 attaches the protein to the lipid bilayer (Laver & Valentine, I969; Skehel & Waterfield, 1975; Waterfield et al. 1979) . The external hydrophilic domain of the haemaggIutinin molecule can be cleaved intact from the virus particle with protease (Brand & Skehel, 1972 ) . This protein has been crystallized and its three dimensional structure wilI soon be available (Wiley & Skehel, 1977) .
The amino acid sequences of the HA~ polypeptide chain from different influenza strains reveals a strongly hydrophobic region in the carboxyterminal end ( Fig. 3 ; Porter et al. 1979; Min Jou et at. I98O ) . Though there is no biochemical evidence that HA2 spans the lipid bilayer, the sequence data make it likely that the last lO to 11 amino acid residues after the hydrophobic segment form an internal polar domain in the virus interior. The NA spike glycoprote~n is a tetrameric protein with amphiphilic properties (Laver & Valentine, I969; Wrigley et al. I973) . It is not known whether it spans the bilayer. Between the lipid bilayer and the helical nucleocapsid there is a layer of M protein (mol. wt. 26ooo; Schulze, 1973) . Little is known about the interactions between the spike glycoproteins, the M proteins and the nucleocapsid proteins. The M protein is not well-characterized (see below). It has been claimed that it extends through the virus membrane and is exposed on the external surface of the virus (see, however, Hackett et al. I98O) . These claims are based on immunological experiments and protease accessibility (Ada & Yap, 1979; Reginster et al. I979) . They have to be interpreted with caution. A serious technical problem is that most preparations of viruses with M proteins contain leaky membranes (Shimizu et al. 1976 ). This is especially true when the virus is not harvested soon after release into the extracellular medium. Pelleting in the ultracentrifuge and freezing of the virus disrupts the particles. If special care is not therefore taken a small fraction of the virus particles is always damaged.
The influenza glycoproteins are not stoichiometrically related to the internal proteins. There are about 3ooo to 39oo M proteins and 90o to 129o HA proteins, and 7o to 220 NA proteins per influenza virus particle (Schulze, 1973) . When influenza virus is grown in different cells or when defective particles are produced at high multiplicities of infection, the ratio of glycoprotein to internal proteins can be changed by about twofold (Lenard, t978) .
Param),xo viruses
There are two spike glycoproteins in paramyxoviruses, the HN (tool. wt. 670oo to 740o0) and the F protein (tool. wt. 65ooo) (Shimizu et al. 1974; Choppin & Compans, 1975) . These proteins form oligomeric structures, but the exact subunit composition has not yet been determined (Markwell & Fox, I98O) . The F protein is cleaved in infectious virus into two polypeptides, F1 (mol. wt. 5I ooo) and Fz (mol. wt. I5OOO ) which are disulphide bonded to each other (Scheid & Choppin, 1977) , The Sendai virus spike glycoproteins have amphiphilic properties (Scheid et al. I972; Simons et al. I978b) . The carboxyterminal end of F protein is probably attached to the lipid bilayer (Gething et al. I978) . Lyles (I979) showed recently that both the F1 and the HN proteins span the virus membrane. He fused Sendai virus envelopes with erythrocytes and made inside-out vesicles from the erythrocyte membrane. Protease treatment of these vesicles showed that a small segment of mol. wt. about lOOO to 20o0 could be cleaved off from the Sendal virus HN and FI proteins. Morphological studies suggest that the measles virus spike glycoproteins are attached to the underlying nucleocapsid at the surface of infected cells. If antibodies against the spike glycoproteins are added to infected cells, co-capping of the spike glycoproteins and the virus nucleocapsids can be demonstrated (Tyrrell & Ehrnst, I979) .
As in influenza and VSV, the paramyxoviruses have an M protein layer located between the membrane and the nucleocapsid (Choppin & Compans, 1975) . If Sendai virus is disrupted with Tween 20 at pH IO, nucleocapsids are obtained with a sheath-like cover on their surface (Yoshida et al. I976) . This sheath-like structure comprises the M protein. The M protein can be cross-linked to the major nucleocapsid protein but not to the glycoproteins (Markwell & Fox, I98O) . Studies by Yoshida et al. (I976) suggest that the isolated nucleocapsid combines with isolated virus glycoproteins only if the M protein is present. This would imply that the M proteins function as a bridge between the nucleocapsid and the spike glycoproteins, but more work is needed to substantiate this conclusion.
If the Sendal virus particles are aged, rearrangement of the virus particle takes place. It becomes progressively more difficult to form cross-links between the M protein and the nucleocapsid protein with di-imidoesters (Markwell & Fox, I98O) . There is also a change in the morphology of the virus particles with ageing (Kim et al. I979). No intramembranous particles are seen in freeze-fracture electron micrographs of Sendai virus harvested within day after start of infection whereas virus harvested after 3 days show large intramembranous particles (I 5 nm diam.).
Retro viruses
In murine type C retroviruses there is one spike glycoprotein composed of two polypeptide chains gp71 (mol. wt. 710oo) and pr5E (mol. wt. I5OOO) that can be linked by disulphide bonds (Bolognesi, I974; Ihle et al. I975; tkeda et al. I975) . The latter poIypeptide can be cleaved to form p12E (mol. wt. 12ooo; Naso et al. I976; Schneider et al. I98o) . Cross-linking and detergent solubilization studies show that these polypeptides form an oligomeric complex with an apparent mol. wt. of 45oooo to 5ooooo in the virus envelope (Pinter & Fleissner, 7979) . This would suggest that each spike comprises four to six gp7~-pI5E subunits. The exact subunit structure is not yet known.
The gp71 polypeptide is a peripheral membrane protein on the outside of the virus. It can be isolated as a water-soluble monomeric form in the absence of detergents (Strand & August, 1973; Moennig et aL 1974) . The pI5(E) polypeptide is an amphiphilic protein and is integrated into the lipid bilayer (van de Ven et aL I978; Schneider et aL 198o). It is not known if it spans the bilayer.
In avian type C retroviruses the spike glycoproteins comprise two disulphide-linked chains, gp85 (mol. wt. 43ooo to 5oooo) and gP35 (rnol. wt. 35ooo) (Bolognesi et aL 1972; Leamnson & Halpern, 1976; Marciani & Papamatheakos, I98o) . The gp85 protein has been isolated and partially characterized. It is claimed to have amphiphilic properties since it binds Triton X-loo (Marciani & Papamatheakos, I98o) . One problem with these studies, however, is that the protein was isolated by rather harsh methods using lithium di-iodo salicylate and phenol extraction. Denaturation can increase the amount of Triton X-Ioo bound (Clark, I977)-Non-ionic detergent-binding is a valid criterion for amphiphilic proteins only if the protein is not denatured during isolation (Helenius & Simons, 1975) . The gP35 protein is also thought to be an integral membrane protein because it cannot be removed from the virus envelope by extraction procedures known to remove peripheral membrane proteins (Bolognesi et aL I978) .
Dimethyl suberimidate cross-linking has been used to identify the proteins associated with the internal aspect of the lipid bilayer. In the avian retroviruses the protein designated pI9 (mol. wt. 19000) and in the murine retrovirus pT 5 (mol. wt. 15000) become linked to the lipid (Pepinsky & Vogt, I979). From these and other studies (Stromberg et al. I974; Van de Ven et al. 1978) it was inferred that pI 9 and pI5 are the equivalent M proteins defined for myxo-, paramyxo-and rhabdoviruses. However, these proteins are not the most abundant proteins in the retrovirus particle as is the case for the other M proteins. Cross-linking studies have failed to detect complex formation between the virus spike glycoproteins and the internal proteins.
Properties of the M proteins
Since the M proteins play a crucial role in the assembly of myxo-, paramyxo-, rhabdo-and retroviruses, it is important for our understanding of the budding process to know the properties of these proteins in detail. One important function of the M proteins is probably to fold the helical nucleocapsids into their final shapes during assembly (Schulze, 1972; McScharry et al. 1975; Shimizu & Ishida, I975) but little is known of the molecular interactions involved. It is evident from studies with born influenza virus and VSV that there is no stringent requirement for a precise number of spike glycoproteins interacting with the underlying M proteins. Moreover, pseudotypes can be formed between different enveloped viruses with M proteins during mixed infections (Choppin & Compans, I97O; Zavada, t976) . These contain the internal components from one virus (the nucleocapsid with the M protein) and spike glycoproteins from another virus, indicating that specific matching of glycoproteins and internal proteins are not necessary for successful virus assembly. On the other hand, the M protein-nucleocapsid interaction seems to be specific because there is no mixing of M proteins and nucleocapsids from different viruses. Pseudotypes cannot be formed between alphaviruses and viruses with M proteins (Burge & Pfefferkorn, 1966) .
There are no data which would show whether the M proteins penetrate into the lipid bilayer. The murine retrovirus M protein (pI5) has been claimed to behave like an amphiphilic protein (Barbacid & Aaronson, I978) . However, for an amphiphilic protein its solubility properties are unusual. The protein is soluble in monomeric form in I M-NaCI. The M protein of Sendal virus is known to form filamentous structures when isolated from the virus at low ionic strength (Hewitt & Nermut, I977). The properties of the M proteins should also be studied in situ attached to the nucleocapsid after gentle removal of the virus lipid bilayer. It would be interesting to know whether the M proteins attached to the nucleocapsid bind Triton X-IOO (cf. Helenius & Soderlund, I973) and whether conditions can be found which allow the spike proteins to remain attached to the underlying structures (cf. Helenius & Kartenbeck, 198o ) . Also the soluble form of the M proteins would be worthy of study. This form of the protein accumulates in cells infected with certain VSV mutants defective in assembly (Knipe et al. 1977b) .
The M proteins are somewhat similar in their properties to spectrin (see Marchesi, I979) . This protein is known to bind to membrane proteins on the cytoplasmic face of erythrocyte membrane. Spectrin is probably involved in maintaining the shape of the red blood cell. Whether spectrin also directly interacts with lipids in the erythrocyte membrane is a moot point. Proteins which do not completely span the lipid bilayer have not so far been adequately characterized in any biological membrane. The biochemistry of the M proteins deserves more attention.
Budding mechanisms of enveloped viruses
There are no methods available today which would allow the investigator to follow directly the molecular interactions taking place when the nucleocapsid of an enveloped virus is being assembled into a mature virus at the cell surface of an infected cell. We have to rely on the clues that virus composition and structure, virus mutants, electron microscopy and cell fractionation have provided to formulate possible mechanisms for the budding process. Many studies have shown that the nucleocapsid components and the M proteins are synthesized in the cytoplasm and soon after synthesis become attached to the plasma membrane (Kaariainen & Renkonen, 1977; Lenard, t978 ) . The virus glycoproteins are inserted during translation into the membrane of the endoplasmic reticulum. From there the virus glycoproteins are transported, probably through the Golgi apparatus, to the cell surface (Kaariainen & Renkonen, I977; Lenard, I978) . Glycosylation of the proteins begins during translation and further modifications occur during intracellular transport. How the virus glycoproteins find their way from the endoptasmic reticulum to tile plasma membrane is not known. After insertion into the plasma membrane, the spike proteins diffuse all over the cell surface. The proteins are oriented outwards with the external, glycosylated, hydrophilic domain projecting into the extracellular medium, the hydrophobic domain spanning the bilayer, and the internal carboxyterminal domain extending into the cytoplasm. The spike glycoproteins and the nucleocapsids have to find each other at the cell surface before the budding process can begin. From the structure of the enveloped RNA viruses it is clear that the alphaviruses must differ from the viruses with M proteins in the way they assemble at the cell surface. We will therefore treat these two groups of viruses separately.
A lphaviruses
Because of the simple structure of the alphaviruses we have more detailed information as to how these viruses are built than for those viruses with M proteins. The realization that the SFV spike glycoproteins span the virus membrane led us to propose that the binding of the spike protein to the nucleocapsid was the major driving force for the budding process (Garoff & Simons, I974) , Another interaction facilitating the budding process may be the formation of the lateral contacts between the spike glycooroteins (McCarthy & Harrison, 1977; yon Bonsdorff & Harrison, [978) . Morphological s tidies using labelled antibodies suggest that the alphavirus spike proteins do not self-associate to patches in the plasma membrane large enough to form one virus particle (Pedersen & Sagik, I973; Smith & Brown, [977) . It seems more likely that the nucleocapsids bind to small clusters of the spike glycoproteins forming on the cell surface, recognizing the carboxyterminal ends of Ez in the spike protein on the cytoplasmic face of the plasma membrane by electrostatic interactions. As more spike proteins diffuse into this patch of spike proteins (Birdwell & Strauss, I974) these become immobilized by binding to the underlying nucleocapsid (Garoff & Simons, 1974) . This would cause the lipid bilayer to fold around the nucleocapsid. Although the virus spike glycoproteins span the membrane, these spanning segments do not form intramembranous particles in freeze-fracture electron micrographs of isolated virus particles or in budding regions. The particles seen in freeze-fracture studies in normal cell membranes are probably caused by much bulkier complexes of protein (and lipid?) in the bilayer interior (Verkleij & Ververgnert, 1978) . Freeze-fracture electron microscopy shows the absence of intramembranous particles characteristic of the host cell plasma membrane in those patches of the cell surface involved in the process of virus budding (Brown et al. [972) . The close apposition of the spike glycoproteins on the external side of the bilayer and the close proximity of the nucleocapsid to the cytoplasmic face of the bilayer might help to exclude host proteins from the budding regions of the host cell surface. When the nucleocapsid is completely enclosed by the modified plasma membrane it may simply pinch offand re-sealing of the disrupted lipid bilayers would occur spontaneously.
This self-assembly model of alphavirus assembly is shown in a schematic form in Fig. 2 . Experiments done by Pfefferkorn and co-workers suggest that energy metabolism is not I I needed for the budding process (Waite & Pfefferkorn, 197o; Waite et al. I972) . Treatment with cyanide, sodium fluoride, sodium azide or iodoacetic acid does not affect the release of Sindbis virus from ceils restored to normal ionic conditions after hypotonic arrest of the budding process.
One important question that needs to be resolved is why budding takes place mostly at the cell surface. If the virus spike glycoproteins are being transported from the endoplasmic reticulum and through the Golgi apparatus to the cell surface, why do the nucleocapsids not bud into the intracellular compartments? The last proteolytic cleavage in alphavirus maturation seems to occur at the cell surface. This is the cleavage of pE2 to E2 in Sindbis virus (Bracha & Schlesinger, 1976) and of p62 to E2 and E 3 in SFV (Ziemiecki et al. 198o ). This cleavage may be a prerequisite for budding (Jones et al. 1974; Keranen & Kaariainen, I975) . It could result in a conformational change of the spike protein facilitating the formation of lateral contacts between the spike proteins. The low concentration of spike g!ycoproteins in the intracellular compartments may be another reason for the absence of intracellular budding (Saraste et al. 198o ) . Since the spike proteins are in transit through the intracellular compartments their concentration may not reach the critical level necessary for budding. It is also possible that a sizeable proportion of the cytoplasmic tails of the spike glycoproteins in transit are covered by proteins involved in intracellular transport and are not therefore available for interactions with the nucIeocapsid. Saraste et al. (r98o) have described a temperature-sensitive mutant of SFV with an intracellular transport defect. In cells infected with this mutant the spike glycoproteins do not reach the cell surface and accumulate in intracellular membranes at the non-permissive temperature. The temperature defect is reversible. By shifting down to the permissive temperature, the spike proteins presumably resume their native conformation and within IO min binding of the nucleocapsids to intracellular membranes is observed followed by budding into the intracellular compartments. Under these conditions the concentration of spike proteins accumulated in the intracellular membranes might be high enough to allow budding to occur. Sixty minutes after shifting down the temperature, intracellular budding diminishes and budding is now observed at the cell surface.
Enveloped virus with M proteins
Compared to the alphaviruses, it is more difficult to formulate a plausible mechanism for how viruses with M proteins are assembled at the cell surface. The budding process is complicated not only by the fact that the plasma membrane has to be modified so that host proteins are excluded from and virus spike glycoproteins are included in the virus membrane, but in addition, the nucleocapsid is assembled into its final shape concomitant with budding. The nucleocapsid cannot simply act as a ready-made template for the budding as we have postulated for the alphaviruses.
The sequence of events in the budding process is not firmly established but morphological studies of myxo-, paramyxo-and rhabdoviruses suggest that virus spike glycoproteins have to be inserted into the plasma membrane before virus assembly can begin (Lenard & Compans, ~974) . The pioneering studies of Marcus (1962) suggested that the haemagglutinin of influenza virus is inserted in a non-random fashion at the periphery of the infected cell and the virus spike proteins then spread from their site of insertion in a random fashion. With measles virus, it seems that virus haemagglutinins are inserted in a polar fashion at the cell surface and then spread around the cell membrane (Ehrnst & Sundqvist, 1975) . These findings that membrane glycoprotein insertion might take place at preferential sites at the plasma membrane have not been followed up and deserve more thorough study. Many other workers have shown that the virus spike glycoproteins are mobile in the plane of the membrane (Rutter & Mannweiler, 1973; Joseph & Oldstone, 1974; Phillips & Perdue, I974; Yoshida et al. ~979) . Virus spike proteins can be seen all over the surface of the infected cell with ferritin-labelled antibodies, but nucleocapsids are attached to the cytoplasmic face of the plasma membrane only where there is a patch of spike proteins on the opposite side of the membrane (Choppin et al. ~97r; Lenard & Compans, I974) . When antibodies directed against the host cell surface components have been used to coat the surface of cells infected with influenza virus, the budding sites are generally not labelled (Duc-Nguyen et al. I966) . Similarly, freeze-fracturing electron micrographs of cells infected with measles virus have shown that the intramembranous particles characteristic of the host cell plasma membrane are progressively removed from that part of the plasma membrane where budding is occurring (Dubois-Dalcq & Reese, 2975) .
Many studies indicate that the M proteins play a central role in the budding process. No electron microscopic studies have yet been done with antibodies against the M protein to localize the protein in thin sections of infected cells during budding, but the electron dense layer seen in influenza viruses between the cytoplasmic face of the plasma membrane and tile nucleocapsid may be due to this protein (Schulze, I972 ) . The synthesis of M proteins seems to be rate-limiting for virus particle formation (Lazarowitz ~t al. r97I; Portner & Kingsbury, I976; Atkinson, I978) . Pulse-chase experiments show that the M proteins are incorporated very rapidly (<5 min) into virus particles (Kang & Prevec, I97I ; Hay, 1974; Atkinson et al. 1976; Nagai et al. I976; Witte & Weissman, i976; Knipe et al. I977a) . The spike glycoproteins are delayed by their intracellular transport through the endoplasmic reticulum and presumably the Golgi apparatus before they reach the cell surface. It takes more than 2o to 30 rain before newly-made spike glycoproteins can be detected in virus particles. VSV mutants with defects in the M protein do not bud from the cell (Knipe et al. 1977b) . In infections with these mutants the G protein is synthesized and transported to the cell surface in a normal fashion, but assembly of the virus nucleocapsid at the cell surface is blocked. In abortive myxovirus infections the spike glycoproteins accumulate at the cell surface, but due to defective M protein synthesis, normal virus particle formation does not occur (Lohmeyer et al. 1979) .
The formation and incorporation of spike glycoproteins into the cell surface seems to be essential for efficient virus assembly as well. In virus mutants with defects in virus glycoprotein assembly little or no virus is made (Knipe et al. I977b; Lohmeyer & Klenk, ~979; Schnitzer et al. I979) . Production of virus is also inhibited if the spike glycoproteins in the plasma membrane are aggregated into patches by lectin or by specific divalent antibodies (Becht et al. I971, I972; Poste et al. 1974; Lampert et al. 1975; Finkelstein & McWilliams, 1976) . If glycosylation of the spike glycoproteins is blocked by the antibiotic tunicamycin, the intracellular transport of the unglycosylated virus glycoproteins is blocked to varying degrees (Schwartz et al. I976; Leavitt et al. I977; Gibson et al. 1979) . Virus formation, however, seems to be correlated with the amount of virus spike glycoprotein reaching the cell surface. In Sendai virus, a temperature-sensitive mutant has been described in which the HN protein is not made at the non-permissive temperature (Portner et al. I975) . However, virus assembly seems to occur at an efficient rate. Virus particles are formed which contain only one of the virus spike glycoproteins, the F protein. Apparently, the F protein, which is known to span the membrane, is sufficient for normal budding to occur.
Virus mutants defective in the assembly of the nucleocapsid are also known to affect the budding process. For VSV mutants in which N protein is not made, virus particles are not formed (Knipe et al. I977b) . The G protein seems to be transported to the cell surface in a normal fashion but the M protein accumulates in the cytoplasm in a soluble form suggesting that the M protein does not form a stable complex with the G protein at the cell surface unless the nucleocapsid is present. Some defective virus particles containing G and M proteins and low amounts of N protein are released into the extracellular medium.
These studies show that virus assembly is the result of a complex process of interactions between the virus components, involving the spike glycoproteins, the M proteins and the nucIeocapsid. For VSV and retroviruses a transmembrane interaction between the spike glycoprotein and the internal proteins has been postulated to promote the assembly of the virus particle in the same way as was proposed for SFV (Witte & Baltimore, r977; Bolognesi et al. I978) . In VSV, cross-linking studies have suggested that the M and the G proteins might, in fact, be linked to each other. For the retroviruses, there is, however, no convincing evidence for an interaction between the spike glycoproteins and the internal proteins. The assembly of the nucleocapsids in retroviruses is complicated by the fact that the four internal structural proteins of the virus are synthesized as a polyprotein, the product of the gag gene (Vogt et al. I975; Barbacid et al. I976) . Cleavage of this precursor seems to take place concomitantly with virus assembly at the cell surface (Bolognesi et al. I978; Eisenman & Vogt, I978; Yeger et al. ~978) .
Although the evidence in most cases is lacking, a transmembrane interaction between the spike glycoproteins and the M proteins seems the most plausible mechanism for promoting assembly of these viruses at the cell surface (Kaariainen & Renkonen, ~977) . This interaction must be of a fairly low specificity, however, since pseudotypes can be formed between different enveloped viruses with M proteins. The postulated interaction between different glycoproteins and M proteins bound to the nucleocapsid could be tested if an in vitro system could be devised (Yoshida et al. r976; Helenius & Kartenbeck, I98o) .
Another observation that must be explained is the variation in the ratio between the number of spike glycoproteins and the M protein. It is possible that the binding of the cytoplasmic form of the M protein to a cluster of spike glycoproteins induces a conformational change in the M protein which leads to its lateral association to give a twodimensional network. The polymerization of M proteins may be coupled to the binding of the nucleocapsid to the budding patch concomitant with the folding of the nucleocapsid into its final shape. To cause the outward bulging of the plasma membrane around the nucleocapsid enough spike proteins would have to be included into the budding site to anchor the M protein layer to the membrane. However, all potential binding sites in the M protein network need not be occupied by spike protein tails for successful assembly to occur. This would explain the varying ratios of spike glycoprotein and M protein observed in particles of the same virus. It is possible that M protein binding to the membrane could also be promoted by interactions with lipids in the membrane but there is no evidence for lipid-binding sites on the M proteins.
Extrusion of host proteins from the budding sites could be explained by the formation of a layer of protein closely apposed to the cytoplasmic face of the plasma membrane bilayer. Since the budding process would not be as exact as that pictured for alphaviruses (Fig. 2) it is not surprising that small amounts of host proteins (actin, histocompatibility antigens, etc) could be accommodated into the virus particle.
If the M proteins could interact solely with host components, either plasma membrane lipids or proteins or both, it would be difficult to understand why the virus spike glycoproteins are incorporated into the virus particle or why the budding occurs at the cell surface. Specific binding of the M proteins to lipids or to host proteins in the plasma membrane offers no explanation as to why the virus spike glycoproteins are then trapped in the virus particle. The amount of spike glycoprotein in the cell surface membrane is by no means so extensive that the protein would only passively be included in the virus particle. It would also be difficult to explain why soluble M protein accumulates in the cytoplasmic fraction of cells infected with VSV mutants in which the glycoprotein is defective and is not transported to the cell surface.
Boulan & Sabatini (I978) have made the fascinating observation that enveloped viruses bud from different domains of polarized epithelial cells. VSV buds exclusively from the basolateral region of Madin-Darby canine kidney (MDCK) cells, whereas influenza, Sendai and SV 5 viruses bud from the apical region of the plasma membrane of these cells. Immunoftuorescence microscopy shows that antibodies to the G protein of VSV bind exclusively to the basolateral surface, whereas the spike glycoproteins of influenza virus are localized only to the apical surface (D. Louvard, K. Matlin, K. Simons, H. Becht and H. Klenk, unpublished observations). The most straightforward explanation is that the location of the spike glycoproteins in the two domains of the cell surface determines the budding route.
Involvement of the cytoskeleton in the budding process
A number of observations have suggested that the cytoskeleton network is involved in the budding of enveloped viruses. Actin has been detected in several enveloped viruses (Wang et al. 1976) . Electron micrographs have shown microfilaments in close association with budding viruses (Damsky et al. 1977) . Drugs affecting cytoskeletal functions have been reported to inhibit virus formation (Richardson & Vance, ~978; Tyrrell & Ehrnst, I979) . None of these reports, however, show any direct role of the cytoskeletal elements in the budding process (Griffin & Compans, t979) . Some inhibitors, like colchicine, are known to affect the intracellular transport of secretory proteins (Redman et aL 1975) . Colchicine has been found to decrease the production of SFV; the cleavage of p62 to E2 and E 3 is also inhibited (Richardson & Vance, ~978) . These findings are strikingly similar to the effects of colchicine on albumin secretion in hepatocytes (Redman et al. 1978) . Secretion as well as cleavage of proalbumin to albumin, which is known to occur intracellularly, were found to be inhibited. Thus the effect of colchicine on SFV maturation most likely occurs during intracellular transport of the spike glycoproteins.
Aberrant budding of enveloped viruses
One puzzling class of virus particles have been described for VSV and for several different retroviruses (Kawai & Hanafusa, I973; Deutsch, I975; Friis et al. I976; Halpern et al. I976; Little & Huang, I977, ~978; Pinter & de Harven, I979; Ruta et aL ~979; Schnitzer et al. I979; Weiss & Bennett, I98O) . These are non-infectious virus particles that contain no surface spikes in electron micrographs and no spike glycoproteins in SDS gel electrophoresis. Apart from this deficiency, the particles appear structurally normal. The spike-less particles are produced in lesser quantities than normal particles, suggesting that the efficiency of virus assembly is dependent on spike protein incorporation. Although there are no intact spike glycoproteins in these spike-less particles, it is not known whether the hydrophobic membrane spanning regions of the spike glycoproteins are absent or present in the virus envelopes. If one treats normal virus particles with the appropriate protease the spike glycoproteins can be shaved off leaving the hydrophobic tails of the proteins in the virus membrane (Cartwright et al. ~969; Rifkin & Compans, I970 . Such spike-less particles are similar in appearance to those produced by the VSV and the retrovirus mutants. The lack of evidence for or against the presence of hydrophobic peptide tails holds true also for the Bryan high titre strain of Rous sarcoma virus which has a deletion of its glycoprotein gene (Kawai & Hanafusa, I973) . In cells infected with this virus non-infectious spike-less particles are produced but whether these contain hydrophobic peptide tails in their membranes, coded for by a fragment of the glycoprotein gene, has not so far been tested.
Electron microscopy of thin sections of cells infected with the enveloped virus mutants producing spike-less particles is complicated by the low production of virus in these cells.
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In most cases it is not clear whether assembly occurs at the cell surface or whether budding takes place intracellularly. More work is needed to establish how these virus particles are assembled, to find out whether this aberrant form of virus formation will shed light on normal virus assembly.
We have learned a great deal about the structure and assembly of enveloped RNA viruses in the last few years, but it is obvious that many questions remain unsolved. We have a fairly detailed picture of how the alphaviruses bud from their host cells but for viruses with M proteins the budding process is not yet understood. It should be stressed that most of the molecular studies have been done with viruses adapted to growth to high titres in tissue culture cells. Much less is known about virus strains causing disease isolated from patients or animals. For example, what is the role of host antigens in host-virus interactions? These components may not be important for understanding the molecular basis of the assembly of enveloped viruses but since host antigens have been shown to be incorporated into enveloped viruses during the budding process, it would be surprising if a closer scrutiny of the pathogenic viruses did not reveal that host antigens play a role in the pathogenesis of virus disease (Lindenmann, I977; Smith, I977).
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